Achieving multiferroic two-dimensional (2D) materials should enable numerous functionalities in nanoscale devices. Until now, however, predicted 2D multiferroics are very few and with coexisting yet only loosely coupled (type-I) ferroelectricity and magnetism. Here, a type-II multiferroic MXene Hf 2 VC 2 F 2 monolayer is identified, where ferroelectricity originates directly from its magnetism. The noncollinear Y-type spin order generates a polarization perpendicular to the spin helical plane. Remarkably, the multiferroic transition is estimated to occur above room temperature. Our investigation should open the door to a new branch of 2D materials for pursuit of intrinsically strong magnetoelectricity.
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1 Divers properties and functions are discovered in plentiful 2D materials, going beyond the original appeal as new semiconductors. More and more important physical properties existing in three-dimensional (3D) crystals have also been found to appear in the 2D form. For example, 2D superconductivity, 2-6 2D ferromagnetism, 7-9 as well as 2D ferroelectricity, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] have recently been confirmed in experiments or predicted via calculations.
Ferromagnetism and ferroelectricity, with switchable ferro-vectors, play crucial roles in various devices. Thus, their existence in 2D materials would be very attractive. On one hand, since the first prediction of 2D ferroelectric (FE) hydroxylized graphene in 2013, 10 more 2D materials, e.g. 1T-MoS 2 , In 2 Se 3 , 2D materials functionalized with polar groups, etc., have been predicted to be FE. [11] [12] [13] [14] [15] [16] [17] [18] [19] Experimentally, in-plane FE polarization (P ) was observed and manipulated in atom-thick SnTe, 20 while out-of-plane FE P was found in few layes CuInP 2 S 6 . 21 The involved mechanisms are either polar phonon modes or polar functional groups. On the other hand, many 2D ferromagnets have been predicted, 8, 9 and recently CrI 3 monolayer is experimentally confirmed.
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The coexisting magnetism and polarization lead to the multiferroicity. 22, 23 The coupling between these two ferro-vectors allows the control of charge via magnetic field or the control of spin via electric field. In fact, a few 2D multiferroics were also recently predicted, 16, 19, 24, 25 in which the origins of polarization and magnetism are independent of each other (i.e. they are all type-I multiferroics 26 ). Thus their magnetoelectric coupling is indirect and weak.
To pursue the intrinsically strong magnetoelectricity, a possible route is to design 2D type-II multiferroics (i.e. magnetic ferroelectrics 26 ), in which the FE P is directly generated and thus fully controlled by magnetic order. The nominal valences for Hf, V, C, and F are +4, +2, −4, and −1, respectively. Then for both C and F, the 2p-orbitals are fully occupied, while for Hf the 5d orbitals are fully empty. In this sense, the magnetism can only come from V, whose 3d orbitals own three electrons, as confirmed in the DFT calculation.
The magnetic ground state of Hf 2 VC 2 F 2 is searched by comparing the energies of various possible magnetic orders, including the nonmagnetic (NM), collinear FM, UUD type ferrimagnetic (stands for the "up-up-down" ferrimagnetic spin order), stripe AFM (G-AFM), as well as the 120
• noncollinear AFM order (coined as Y-AFM here), as sketched in 1(c-e).
Considering the Hubbard-type correlations and spin-orbit coupling (SOC) for 3d and 5d orbitals, here a wide parameter space of U eff (V) and U eff (Hf) are scanned, as shown in 2(a) and Supplemental Materials. 38 As expected, the U eff (Hf) and SOC only have tiny effects on the magnetism due to Hf's empty 5d orbitals. 38 In contrast, with increasing U eff (V), the magnetic ground-state undergoes two transitions, from NM to G-AFM first, then finally to Y-AFM. The local magnetic moment of V also depends on U eff (V), increasing from 0 to more than 2 µ B /V ( 2(b) ). Accompanying the second magnetic transition, the metal-insulator transition also occurs when U eff (V)> 2 eV. Due to the lack of experimental result on Hf 2 VC 2 F 2 monolayer, the HSE06 functional with SOC, are adopted as the benchmark to provide an alternative description. 45 As shown in 1, the HSE06 plus SOC calculation predicts that the Y-AFM is the ground state for Hf 2 VC 2 F 2 monolayer, and the corresponding magnetic moment is in good agreement with the result of U eff (V)= 3 eV and U eff (Hf)= 2 eV, implying this set of parameters is proper.
In fact, the same U eff parameters were also adopted in previous studies, The standard Berry phase calculation with SOC gives 1.98 × 10 −6 µC/m for the Y-AFM state, corresponding to 2700 µC/m 2 in the 3D unit considering the thickness of monolayer 7.0Å. To partition these two contributions, using the high-symmetric crystalline structure, the obtained pure electronic contribution (P e ) is about 1.95 × 10 −6 µC/m, very close to the total P with ionic displacements. Therefore, here FE P is almost fully (∼ 98.5%) originated from the bias of electronic cloud while the atomic structure is almost in the high symmetric one. Our calculation also indicates that the direction of P is always perpendicular to the spin helical plane, as sketched in 3(c). And this P can be switched to −P , once the chirality of Y-AFM is reversed. For comparison, the higher energy ab-plane Y-AFM gives 2.9 × 10 it should be noted that the origin of FE P in Hf 2 VC 2 F 2 monolayer is conceptually different from other 2D FE's. In fact, it is common sense that the improper FE P 's in the type-II multiferroics are weaker than those typical values of proper FE's. 22, 23 Even though, the origin of ferroelectricity in the type-II multiferroics guarantees the intrinsically strong magnetoelectric coupling, which is rare in other multiferroics.
In fact, 2700 µC/m 2 is already a very significant value in type-II multiferroics, especially considering the fact that its origin is from the SOC, not exchange striction. 22, 23 For reference, the P in polycrystal Ba 3 MnNb 2 O 9 only reaches 3.45 µC/m 2 , 29 and ∼ 600 µC/m 2 in TbMnO 3 . 49 The relatively large P is probably due to 5d Hf ions, which own larger SOC than 3d elements. Although Hf's orbitals do not contribute to magnetism directly, the hybridization between orbitals always exists around the Fermi level, which may enhance the effective SOC. Thus in principle, the macroscopic polarization should be detectable, at least in its corresponding bulk form. In addition, the second-harmonic-generation (SHG) based on nonlinear optical process can also be employed to detect the polarization and its domain without electrodes, as done for TbMnO 3 .
? Among type-II multiferroics, some polarizations are generated by noncollinear spin order via spin-orbit coupling (SOC), as in our Hf 2 VC 2 F 2 .
Since SOC is usually weak especially for 3d electrons, the polarizations in this category are usually much smaller than those in conventional ferroelectrics. 23 Furthermore, here the high ratio of P e /P is also advantage for ultra-fast switching. Although it's common sense that type-II multiferroics own high P e /P (e.g. ∼ 25% in TbMnO 3 , 50 and ∼ 58% in HoMnO 3 ,
51
which were estimated using the same method used here) than proper FE materials, the P e /P =98.5% is indeed very high and rather rare.
The origin of ferroelectricity driven by helical spin order is also nontrivial. Although the spin-current model (or the Dzyaloshinskii-Moriya interaction) can explain the origin of ferroelectricity in cycloid spiral magnets, 52, 53 its equation e ij × (S i × S j ) gives zero net P for Y-AFM in each triangular unit. Instead, the generalized spin-current model proposed by
Xiang et al. 54 can phenomenologically explain the origin of P:
where the summation is over all NN bonds; S denotes a (normalized) spin vector; M is a 3 × 3 matrix which can be determined via DFT:
MC simulation.In above DFT calculations, only five magnetic candidates were considered, which could not exclude other possible exotic orders. Thus the unbiased Monte Carlo (MC) simulation is performed to verify the ground state and estimate the transition temperature.
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The Heisenberg spin model is adopted:
where J 1 (J 2 ) is the exchange interaction between NN (NNN) spin pairs; A is the coefficient for magnetocrystalline anisotropy and S z is the component of spin along the magnetic easy For most 3D type-II multiferroics, the magnetism and ferroelectricity only appear far below room temperature. 23 High-temperature type-II multiferroicity is a highly desired property for applications, which is a bottleneck for this category of materials. Till now, in various type-II multiferroics, only a few hexagonal ferrites with very complex crystalline/magnetic structures show magnetoelectricity above room temperature. 55 Hf 2 VC 2 F 2 is another roomtemperature type-II multiferroic system, with a much simpler crystalline/magnetic structure.
Physically, its high T N is due to the ideal half-filled t 2g orbitals (3d 3 ), which prefers a strong superexchange according to the Goodenough-Kanamori rule. 41, 42 The similar case is for various ferrites with Fe 3+ (3d 5 ) ions, which usually own magnetic orders above room temperature.
As a type-II multiferroic, the induced P can be fully controlled by magnetic fields via the helical plane rotation. 38 As shown in 4(d), under an in-plane magnetic field, the energies of yz-plane and xz-plane Y-AFM (after slight distortions driven by magnetic field) are no longer degenerated. Thus, the helical plane of Y-AFM and its associated P should rotate accompanying the field. Since there's no intrinsic energy barrier for such a helical plane rotation, this magnetoelectric response should work under small fields. has intrinsically strong magnetoelectric coupling. The crossover between 2D materials and magnetic ferroelectrics will be a very interesting topic, both fundamentally and to benefit nanoscale devices.
